We examined 40 strains of Legionella for reduced-oxygen scavenging enzymes 
Members of the genus Legionella are characterized on the basis of cellular morphology, Gram staining characteristics, the inability to grown on common laboratory media such as Trypticase soy (BBL Microbiology Systems) or blood agar, and the requirement for complex media having either starch or charcoal, cysteine, and added iron (10, 27, 28) . All presently recognized species show excellent growth on an Aces-buffered yeast extract medium containing charcoal and cysteine (BCYE) (28) , and with the exception of Legioniella oakridgensis, all species fail to grow or exhibit marginal growth if cysteine is deleted (5. 27). However. specific identification of each species rests primarily upon serological reactivity (15) , fatty acid and ubiquinone composition (8, 18, 26) , and DNA homology (4, 15, 27) . There are few physiological characteristics which serve to identify a species, although to date, Legionella pnelumophila is well differentiated from all other species by its ability to hydrolyze hippurate (14) . L. pnelumophila is described as being catalase positive (32) , but tests involving cells grown on complex organic agar media or in chemically defined broth have shown that catalase activity is either extremely weak or nonexistent. (29) . Subsequently, we analyzed the whole-cell catalase activities of numerous strains of L. piweiumiiophlila and those of newly described Legionella species. Although catalase activity was evident in L. ptieiuimoplila, this activity was very slight and short-lived compared with the vigorous and continued release of oxygen obtained with the other species of Legionella. It has been recognized that media can greatly affect the production of catalase (12, 13, 36) , but with the limited media which supported the growth of Legionella species, our tests consistently demonstrated quantitative differences between the catalase activity of L. pnieliiopliila and that of other Legionella species. These presumptive differences between species were further emphasized upon the examination of cell-free preparations in which no cata-* Corresponding author. lase was observed in extracts from L. pnieiumophila, but strong activity was found in those from Legionella bozeinanii, Legionella duimoffli, and Legionella micdadei (17) .
Previously, we observed that charcoal had a catalase-like activity in the BCYE medium, and because the presence or absence of catalase could be associated with the inability of these organisms to grow on conventional laboratory media (17), we made a systematic appraisal of the catalase contents of the whole cells of numerous strains of L. pnelimophila and the other Legionella species. These results led to the examination of cell-free systems for the presence of catalase, peroxidase, and superoxide dismutase (SOD), all of which deal with the destruction of potentially toxic reduced forms of oxygen (11) . We found that all species contained SOD, but peroxidase and catalase were not uniformly distributed among the species. L. pnelumophila and Legionella gormanii had only peroxidase, and L. dmnoffli had Determination of live whole-cell catalase activity. Quantitative determination of whole-cell catalase activity was accomplished by using a simple reaction chamber prepared from a 60-ml plastic syringe. This was fitted with a Swinney 25-mm Swinnex adapter (Millipore Corp.) having a 0.45-p.m type HA filter. A 5-mm entry port was drilled at the 30-ml mark, and a small Teflon-coated magnetic stirring bar was placed within the syringe. The plunger was inserted up to the entry port, and the reaction chamber was fixed to the surface of a magnetic stirrer with modeling clay. Then 20 ml of 26.4 mM H202 in 0.05 M K2HPO4 (pH 7.0) was pipetted into the entry port, 0.5 to 2.0 ml of cell suspension was added, and the plunger was inserted just beyond the entry port to seal the chamber. The magnetic stirrer was immediately started, and samples (ca. 1.5-ml) were expressed through the filter into 2-ml quartz curvettes at different times, usually 1, 3, 5, and 7 min. Catalase activity, as measured by the loss of absorbance at 240 nm, was determined by the procedure of Beers and Sizer (3); rate constants were determined according to Herbert (16) .
Preparation of toluene-treated cells or cell-free extracts. The frozen pellets (see above) were thawed rapidly in warm water, and 2.5 volumes of 0.01 M phosphate buffer (pH 7.2) were added. These cell suspensions were passed twice through a French press, the chamber and cells being kept cold with ice. Alternatively, the cells were disintegrated by using a 20-KC Sonifier operating at approximately 100 W for 2 min. Exposure to sonic energy was at 30-s intervals in an alcohol-ice bath with 2-min cooling periods between bursts. When foaming prevented sonification, the suspension was diluted with increments of buffer in which the final ratio of cell volume to buffer was no less than 1:8. Whole cells and cell debris were removed by centrifugation at 10,000 for 30 min. The supernatants were centrifuged at 5°C at 41,000 x g for 2 h or at 100,000 x g for 1 h. The clear supernatants were dispensed in 1-to 2-ml portions and stored at -60°C.
Cells were treated with toluene as described previously for the determination of catalase (35) and SOD (33) .
Enzyme determinations. Catalase activity was assayed by adding 0.1 ml of cell extracts to 1.4 ml of freshly prepared 13.2 mM H202 in 0.05 M K2HPO4 (pH 7.0) (0.15 ml of 30% H202 per 100 ml). The reaction was initiated by adding the enzyme list. Procedures in which the H202 concentrations were greater or in which the H202 was added last to initiate the reaction caused a loss of enzyme activity. The solution was mixed, and a loss of absorbance was determined at 240 nm (3) by using a Gilford 2000 recording spectrophotometer for 1 to 3 min. Rates (16) were calculated on the basis of the slopes obtained during the first 30 s. Units of catalase were calculated by using a molar absorbance index for H202 of 43.6 (35) . Peroxidase was determined by using o-dianisidine (35) . To 1.5 ml of 0.01 M phosphate buffer (pH 6.0), 0.01 ml of o-dianisidine (1% in methanol) was added and mixed; 0.1 ml of enzyme was added and mixed. To this was added 0.1 ml of 0.3% freshly prepared H202 in deionized water; the solutions were mixed, and the change of absorbance was recorded at 460 nm for 3 to 5 min. The sequence of the addition of reagents could seriously affect the determination (see below). Units of peroxidase were calculated by using a molar absorbance of 11.3 x 103 (35) . SOD was determined by the procedure of Marklund and Marklund (24 Catalase and peroxidase were separated and localized on 4% polyacrylamide gels as described by Claiborne and Fridovich (6) , using an LKB 2117 Multiphor system. A 3% stacking gel was used, and a 30 min pre-electrophoresis was run at 20 mA and 10°C. The enzymes were dialyzed against 0.025 M bicine-imidazole buffer, and 10 ,ul samples containing 50 to 150 ,ug of protein were applied to each well; electrophoresis was done at 50 mA for 55 min at 10°C.
RESULTS
Development of assay procedures. In certain tests for the determination of catalase, the reactions showed an initial high rate of reaction lasting but 10 to 15 s. In several cases, initial reaction rates showed an increase in absorbance instead of the expected decrease. These problems were reconciled when it was recognized that when the enzyme was added first to the buffer, subsequent addition of H2O2 could result in fine precipitation of the enzyme, causing an increase in absorbance and loss of enzyme activity. However, when the hydrogen peroxide was added to the buffer first, followed by enzyme, precipitation did not occur and enzyme activity appeared to be maximal. As suggested by the literature (36) , the recommended concentration (60 mM) of H202 was inhibitory and the final concentration of the reaction mixture was reduced to approximately 14 mM.
For strains of L. dumoffii, the peroxidase test (35) showed high rates of o-dianisidine oxidation, which terminated abruptly. It was determined that the final concentration of H202 should be increased from 1 to 6 mM and that we should (i) add the enzyme to the o-dianisidine buffer solution first, (ii) mix the solution well, and (iii) add the H202 to start the reaction. Addition of H202 first, followed by mixing and then addition of o-dianisidine, could result in total inhibition or erratic reading of the peroxidase reaction.
Difficulties encountered with both the catalase test and the peroxidase test with the crude cell-free extracts were explained in part, retrospectively, with the recognition that L. pneumophila strains contained only peroxidase having only minor catalatic activity, whereas L. dumoffii strains had both catalase and peroxidase. The rapid loss of peroxidatic activity by extracts of L. dumoffii strains was reversed by fresh addition of H202, suggesting that the inhibition of peroxidatic activity was due to the depletion of H202 by catalase. Thus, an extract of WIGA strains having only catalase inhibited the peroxidase activity of Knoxville by 50%, the latter having only peroxidase. Claiborne and Fridovich (6) have described the powerful inhibition by o-dianisidine of the catalatic activity of peroxidase (Hydroperoxidase I), and this could explain in part the need to add the L. pneumophila enzyme first with mixing to o-dianisidine buffer solution and then to add the H202 to initiate the peroxidase reaction. In this way, the catalatic activity would be inhibited without affecting the (Fig. 1 ).
An examination of some 40 Legionella strains (Table 1) gave K values ranging from 0.000 to 0.035, with the highest value being found for L. dumoffli, Legionella Enzyme activities of toluene-treated whole cells. Recognition of the localization of the enzymes and the total potential enzyme content of the cell may be determined by the treatment of the whole cell with reagents that rupture the cytoplasmic membrane. When Legionella wadsworthii was treated with toluene, the residual cell debris showed 230 and 241% of the original catalase and SOD activities, respectively. No catalase activity was found in the supernatant of treated cells suspensions, but 238% of the original whole cell SOD activity was found in this fraction. These results were similar to those obtained with TATLOCK and TEX-KL, but Knoxville showed no treated whole-cell catalase activity.
Thus, only SOD activities were found in the supernatants, and total catalase activity was restricted to the treated cell residue, albeit this activity was greater than that found for the untreated cells. Peroxidase activity could not be assessed quantitatively with whole cells, toluene-treated cells, or the supernatants from toluene-treated cells. What peroxidase activity that was evident was limited to the cell sufaces; no color was formed in filtered reaction mixtures. It is apparent that the whole live-cell catalase shown in Table 1 represents but a limited enzyme potential of the whole cell and does not necessarily express the enzyme content of the cell.
Catalase, peroxidase, and SOD activities of cell-free preparations. In several direct comparisons, the enzyme preparations obtained by sonic energy had specific activities of the three enzymes greater than or equal to those obtained with the French press. However, protein yields were greater when the French press was used. Although tests with the crude cell extracts of Knoxville and Bellingham showed vigorous release of oxygen and strong catalatic activity on H202, calculations of the specific activities of catalase from L. pneumophila strains and from L. gormanii showed these to be the lowest values when compared with preparations of the remaining species ( Table 2) . The values for these two species ranged from 0.00 to 3.6, whereas those for the other species were from 7.2 to 17.5. Only three species, L. pneumophila, L. gormanii, and L.
dumoffii, showed peroxidase activity. All strains showed SOD activity in a wide range of concentrations which did not characterize any one species. Gel filtration of the crude extracts of L. pneumophila showed only a single enzymatically active peak; this contained both the catalatic and peroxidatic activities of a given strain. Based upon the elution pattern in which the catalase and peroxidase activities were virtually superimposed upon one another (Fig. 2) , and based upon the descriptions of hydroperoxidase I and II (HP I and HP II) of E. coli B (6, 7), it appeared that the L. pneumophila strains had only a single hydroperoxidase which had both catalatic and peroxidatic activities. The presence of a single hydroperoxidase in L. pneumophila was supported by the fact that when cells were grown on BCYE, harvested at different times, and analyzed for their catalase and peroxidase, quantitative changes in enzyme activities were identical. This was not true for TEX-KL, as discussed below, in which the peroxidase activity increased as catalase decreased and in which both enzymes were found. Also, when the peroxidase-containing fractions of Knoxville, isolated by molecular filtration, were purified further by chromatofocusing, a single active peak consisting of six fractions of peroxidatic activity was eluted at pH 6.5; the catalatic activity of these fractions coincided with the peroxidase activity. Similarly, polyacrylamide gel separation of the enzymes of five L. pneuimophila strains, including Philadelphia I and Knoxville, showed a single peroxidase band which also had catalatic activity. Strains of L. diumoffli, TEX-KL and NY-23, showed this same band but had, in addition, a second band having only catalatic activity. The crude extracts of L. gormanii which had both catalase and peroxidase activities also showed a single active hydroperoxidase elution peak of strong peroxidatic activity with extremely weak catalatic activity. The elution pattern of the enzymes of NY-23 and TEX-KL from Sephadex 200 showed two hydroperoxidases, one containing only catalatic activity but the second, as in L. pneumophila, having both catalatic and peroxidatic activities (Fig. 2) . All other species exhibited only a single hydroperoxidase peak; this was a catalase without any oxidative activity on o-dianisidine (Fig. 2) .
In contrast to the elution profiles observed for catalase and peroxidase, which covered approximately 8 to 10 2-ml fractions, the elution patterns of all of the SOD activities covered approximately 20 tubes (Fig. 2) . This suggested the presence of multiple SOD enzymes; this was confirmed by polyacrylamide gel electrophoresis and by isoelectric focusing in which two or more bands were observed for the 10 species tested. With the exception of L. pneuimophila and L. oakridgensis (not shown), all species exhibited a fast-moving SOD between RJ-0.54 and 0.55, which corresponded to the iron-containing SOD of E. coli (Fig. 3) . No 
DISCUSSION
Hassan and Fridovich (13) described the production of two catalases by E. coli B; one was inducible, and formation was repressed by glucose, whereas the second was constitutive. Subsequently, Claiborne and Fridovich (6) and Claiborne et al. (7) isolated and biochemically characterized both enzymes. These enzymes, which utilize hydrogen peroxide as electron acceptors in oxidative metabolism, are classified as hydroperoxidases; the hydroperoxidases of E. coli B were designated hydroperoxidase I (HP I) and hydroperoxidase II (HP II). Enzymatically, HP I was a peroxidase demonstrating catalatic activity. The catalatic activity was substantial, having a Km of 3.9 mM and an H2O2-turnover number of 9.8 x 105 min-'. But the enzyme also had very strong peroxidatic activity, attacking o-dianisidine, guiacoll, pyrogallol, pphenylenediamine, and catechol. Furthermore, an oxidized product of o-dianisidine which formed during the peroxidatic reaction strongly inhibited the peroxidatic activity. This autoinhibition did not occur with the other substrates. Furthermore, o-dianisidine itself strongly inhibited the catalatic reaction so that in the presence of o-dianisidine, the evolution of 02 was strongly inhibited.
We discuss our results below in the context of a peroxidase having both catalatic and peroxidatic activities and a catalase having only catalatic activity. Final conclusions on the enzymatic activity and chemical nature of the Legionella hydroperoxidases must depend upon the isolation, purification, and characterization of the respective enzymes. Although the enzymes were strongly active in our purified fractions, we have not recovered significant amounts of VOL. 20, 1984 The primary motivation for the analyses of whole-cell catalase in L. pneumophila stemmed from recent observations that L. penumophila was highly sensitive to external H202; also, there appeared to be a correlation between the cellular sensitivity of different Legionella species to H202 and the catalase contents of their cell-free extracts (17) . Furthermore, charcoal was found to have a catalase-like function in the medium that supported the best growth of Legionella, i.e., the BCYE agar. However, with the analyses of the crude cell-free extracts, we were stimulated to the examination of the genus as a whole for the presence of the enzymes catalase, peroxidase, and SOD, not only for taxonomic purposes, but also for potential relationships of these enzymes to the growth and pathogenicity of the different species. As a result of these investigations, we have been able to devise a whole-cell peroxidase-catalase test (30) which serves as an excellent adjunct to the hippurate hydrolysis test (14) used for the identification of L. penumophila.
The results reported here also serve to characterize the other Legionella species on a phylogenetic basis not previously reported.
Based on the overall observations of the catalase, peroxidase, and SOD contents of many strains, we found that L. pneumophila is a physiological group in which the live cells exhibit low catalase-like activity. This catalatic activity is secondary to the peroxidatic function of the enzyme, which is strongly expressed in the cell-free extracts of the various (1) 144,000 33,000 Cambridge 1 (1) 170,000 32,000 Burlington (1) 170. 000 38,000 Togus 1 (2) 123.000
29,000 Atlanta 1 (2) 161,000 38,000 No catalase activity exhibited peroxidatic activity.-. No activity.
All peroxidase peak activities showed concomitant catalatic activity.
strains but which can also be expressed under acid conditions of the whole cell (30 (38) , although the production of catalase has most recently been related to the survival of Lactobacillus plantarum in the stationary phase of its growth cycle (20) . An investigation of the breakdown of H202 by leptospira showed that pathogenic Leptospira interrogans gave a strong catalase and weak or negative peroxidase reaction, whereas the nonpathogenic Leptospira biflexa showed strong peroxidase but negative or weak catalase reactions (9) . Treponema pallidum had strong SOD and catalase activities but lacked peroxidase, whereas cultivatible Treponema strains had none of these enzymes (1) . Middlebrook reported that the acquisition of isoniazide resistance by Mycobacterium tuberculosis was accompanied by a loss of catalase and a loss of virulence (25) . L. pneiumophila is responsible for 85% of human infections caused by Legionella species, with serogroups 1 and 6 accounting for 52 and 23%, respectively (31) . Thus, there does not appear to be a direct association of the peroxidase with pathogenicity because the peroxidase appears equally distributed among all of the serotypes (Tables 1 to 3 ). L. pneumophila appears highly sensitive to externally added H202 (17, 22) , to in vitro products of the mycloperoxidase system, and to the products of the xanthine oxidase system (21, 22) . As indicated by the fact that killing of the cells in these systems is reversed by the addition of catalase, SOD, and mannitol, it appears that H202, 02-, and OH' were the toxic products or functioned to form them. Nevertheless, comparative results with virulent and avirulent strains lead to the conclusion that sensitivity to these products is not the basis for virulence or avirulence (21, 22 
